Introduction
Pea early browning virus (PEBV), tobacco rattle virus (TRV) and pepper ringspot virus (PRV) form the tobravirus group. The genomes of tobraviruses are divided into two single-stranded positive-sense RNAs, designated RNA-1 and RNA-2 in order of decreasing size (Robinson & Harrison, 1985) . The RNA-1 molecules of TRV and PEBV strains are of similar size and common genomic structure; two large, partly overlapping open reading frames (ORFs) each code for a putative replicase protein. These ORFs are followed by an ORF encoding a putative cell-to-cell transport protein and finally an ORF with the potential to encode a 16000 to 12000 Mr (16K to 12K) protein of unknown function (Hamilton et al., 1987; MacFarlane et al., 1989) . The size of RNA-2 varies significantly between the tobraviral strains. Sequence analyses of several strains have shown that this variation is caused mainly by the presence or absence of one or more ORFs of unknown function (Angenent et al., 1986 (Angenent et al., , 1989b Bergh et al., 1985; Cornelissen et al., 1986; Goulden et al., 1990; Petersen et al., 1989) . In addition, all the RNA-2s harbour cistrons encoding coat proteins (CP) which are similar in size (Harrison & Robinson, 1978) .
Several of the tobravira! genes are thought to be translated from subgenomic RNAs because strains of 0000-9969 © 1991 SGM TRV are known to produce and encapsidate subgenomic derivatives Robinson et al., 1983) . Sequence analyses of the subgenomic RNAs have shown that they all share a common AUA sequence at their 5' ends and that the regions on the genomic RNA from which they are derived share the sequence GCAUA (Angenent et al., 1986; Cornelissen et al., 1986) . The same GCAUA sequence has been found to precede most of the tobraviral ORFs, including some where a subgenomic messenger RNA has not yet been identified (Goulden et al., 1990; MacFarlane et al., 1989) .
Sequencing of RNA-2 cDNA from PEBV has revealed an ORF, located downstream of the CP cistron, with the potential to encode a 29.6K protein (29-6K ORF) (Petersen et al., 1989) . This ORF has features which indicate that it is expressed in vivo. An ORF with a similar size and position has been found on RNA-2 of TRV strain TCM (Angenent et al., 1986) , the two ORFs show considerable amino acid homology, particularly in their N-terminal regions, and furthermore the sequence GCAUA is found just upstream of both ORFs. Recently, the complete sequence of PEBV RNA-2 was published revealing a third ORF with the potential to encode a 23K protein (Goulden et al., 1990) .
As a step towards elucidating the significance of the 29.6K ORF we report the detection of a putative subgenomic RNA for the 29.6K protein as well as the detection of the 29-6K protein in infected plants, demonstrating that the ORF is expressed in vivo.
Methods
Plant material. Pisum sativum cv. Onward plants were cultivated under glasshouse conditions. PEBV strain SP5 was obtained from D. J. Robinson, Scottish Crop Research Institute, lnvergowrie, U.K. and propagated in Nicotiana benthamiana. For the plant extracts, 14-day-old pea plants were virus-inoculated mechanically by inoculating two leaves on each plant. Plant leaves were collected randomly, avoiding inoculated leaves, 4 days post-inoculation (p.i.) and RNA was extracted on the day of sampling, whereas samples for protein extraction were stored at -80 °C. Leaves from non-infected control plants were treated in the same way.
Other materials and general procedures. Enzymes were purchased from Boehringer Mannheim. Escherichia coli strain DH5c~ (Promega) was used for all transformations. Plasmid pGEM-3Z and the prokaryotic expression vector pUEX3 were from Promega and Amersham, respectively. DNA manipulations were performed essentially as described by Maniatis et al. (1982) . All plasmid constructs were verified by DNA sequencing using Sequenase ver. 2.0 according to the manufacturer's protocols (United States Biochemical). The cDNA was cloned in vector pGEM-3Z and named p214 as described by Petersen et al. (1989) . DNA fragments for transcript-specific probes were isolated by digesting p214 as indicated in Fig. 1 . Computer analyses were performed with the MicroGenie software program from Beckmann.
Total RNA extraction and Northern hybridizations. Leaf material (2-5 g) was frozen at -80 °C, homogenized in a precooled mortar and suspended in 7.5 ml chilled RNA extraction buffer (100 mM-Tris-HC1 pH 8.0, 100mM-NaC1, 10m~-EDTA, 2% w/v SDS, 0.2% v/v 2-mercaptoethanol). After three extractions with phenol/chloroform and an alcohol precipitation, the pellet was dissolved in 1 ml of H20 and incubated for 30 min at 37 °C with 0.1 mg/ml proteinase K. The sample was finally extracted once with phenol/chloroform, alcohol-precipitated and dissolved in H,O.
Total RNA was separated on a 1-5% agarose gel with 40~ (v/v) formaldehyde, blotted onto nitrocellulose membranes (Hybond-C, Amersham) and hybridized at 68 °C according to Anderson & Young (1985) . RNA extracted from purified PEBV particles and RNA molecular weight marker II (Boehringer Mannheim) were used as internal RNA size standards. Hybridization probes for the CP transcript and the 29.6K ORF transcript were 32P-labelled using random primers as described by Feinberg & Vogelstein (1983) .
Protein extraction and SDS-PAGE. Leaves were homogenized as described for RNA extraction and suspended in 1 ml of buffer per g of leaf material. The buffer used for total protein extraction was the SDS PAGE sample buffer of Laemmli (1970) . The extracted proteins were boiled for 2 min and insoluble leaf material was removed by centrifugation (3 rain at 500g). Soluble proteins were extracted by mixing 1 g of powdered leaves with 1 ml of Tris buffer containing 30 mM-Tris-HC1 pH 8.7, 1 mM-DTT, 1 mM-EDTA, lmM-ascorbic acid, 5 mM-MgC12 and 5 mg/ml polyvinylpyrrolidone. Prior to electrophoresis, the soluble protein extracts were denatured by adding 0.7 volumes of sample buffer and boiling for 2 min. Proteins were separated on 12.5 % SDS-polyacrylamide gels as described by Laemmli (1970) . The protein Mr markers were from Pharmacia (M, 14400 to 94000).
Bacterial expression of the 29.6K/~-galactosidase fusion protein. A 767 bp
EcoRI cDNA fragment covering the last 648 bp of the 29.6K ORF and 119 bp of the downstream region was blunt-ended before insertion into the Sinai site of the expression vector pUEX3, creating plasmid pU3-29.6K. Bacterial cultures containing pU3-29.6K were grown at 30 °C to a density of 0.4 at 600 nm whereupon fusion protein production was induced by a shift in temperature to 42 °C. After 2 h at 42 °C cells were harvested and lysed as described by Marston (1987) . The insoluble fusion protein was purified by preparative SDS-PAGE on 7.5% SDS gels. Protein bands were visualized by soaking gels in a chilled 1 N-KC1 solution before cutting out slices.
Polyclonal antibodies. Gel slices containing fusion protein were homogenized in incomplete Freund's adjuvant (Difco) and used for immunizing a rabbit three times subcutaneously with 2-week intervals before first blood collection. Antiserum against PEBV CP was raised in a similar manner from a fusion protein of PEBV CP with /~-galactosidase (unpublished results). (Fig. 1 ) was isolated and subcloned into the SalI site of pGEM-3Z to give pG3-29.6K. As the 5' end of the 29.6K ORF in pG3-29-6K was facing the T7 RNA polymerase promoter, the plasmid was restricted with HindlII, and capped RNA transcripts were synthesized by T7 RNA polymerase (Trans Probe Kit, Pharmacia). In vitro synthesized RNA transcripts (50 to 100 ng) were translated in a rabbit reticulocyte lysate containing 3sS-labelled methionine (Amersham) in a total reaction volume of 18 gl. From the in vitro translation mixture 4-5 gl was immunoprecipitated with 5 gl serum essentially as described by Dougherty & Hiebert (1980) except that the antigens were not denatured prior to immunoprecipitation. Immunoprecipitates were fractionated by SDS PAGE adjacent to l~C-labelled marker proteins (Mr 14300 to 200000, Amersham). Bands were visualized by fluorography.
Immunoblotting. Plant extracts were submitted to SDS-PAGE and electroblotted onto polyvinylidene difluoride membranes (Immobilon-P, Millipore) as described by Towbin et al. (1979) . Indirect immunolabelling was performed using alkaline phosphatase-conjugated secondary antibodies as described by Albrechtsen & Heide (1990) . Mr markers were visualized by staining with 0.1% (w/v) Coomassie blue in 10% (v/v) methanol.
Results

In vivo synthesis of PEBV RNA
To demonstrate the synthesis of subgenomic PEBV RNA in infected pea plants, RNA extracted from infected leaves was fractionated on an agarose-formaldehyde gel and transferred to nitrocellulose filters. Hybridizations on identical filters were carried out with probes specific for the CP gene and the 29.6K ORF, respectively (Fig. 1) . Both the 29.6K-probed and the CPprobed membranes showed strong hybridization signals with genomic RNA-2 at 3500 nucleotides (nt) and with a smaller RNA (RNA-2a) at 3000 nt (Fig. 2) , The intensity of RNA-2a was less than that of RNA-2. In addition, hybridization with the 29-6K probe indicated an RNA band at 1600 nt (Fig. 2) . 
Production of polyclonal antibodies against the 29.6K protein
With the aim of producing antibodies that specifically recognize the translation product of the 29-6K ORF, a cDNA fragment covering 85% of the 29.6K ORF was fused to the C terminus of the ~-galactosidase protein gene of the prokaryotic expression vector pUEX3, creating vector pU3-29-6K. Bacteria containing the plasmid pU3-29-6K produced a 140K fusion protein.
This agrees well with a computer-generated analysis that predicts an Mr of 142K, corresponding to 1039 amino acids from the fl-galactosidase gene and 216 amino acids from the 29.6K ORF. The fusion protein was produced in large amounts as insoluble aggregation bodies, which could be dissolved by boiling in the presence of SDS. The large size of the fusion protein facilitated its purification by preparative SDS-PAGE as the bacterial host produces few proteins-of similar size. The antiserum raised against gel-purified fusion protein was tested in the following way: plasmid pG3-29-6K, which covers the complete 29.6K ORF, was transcribed in vitro using T7 RNA polymerase and the resulting capped RNA transcript was translated in vitro in a rabbit reticulocyte system. The in vitro synthesized protein had an apparent Mr of 30K and was immunoprecipitated specifically by the antiserum (Fig. 3) . This proved that the antiserum contained 29.6K proteinspecific antibodies. 
In vivo expression of the 29.6K protein
To detect expression of the 29-6K protein expressed in PEBV-infected pea plants, samples of soluble and total protein extracts were prepared from plants 4 days p.i. Identical protein samples were immunoblotted and labelled with 29.6K-specific antiserum and CP-specific antiserum, respectively. Soluble protein extracts gave a distinct band corresponding to a protein of approximately 32K when labelled with 29.6K antiserum (Fig. 4a) . In addition, a number of larger proteins were labelled, most of which were also present in extracts of non-infected control plants. Total protein extracts produced essentially the same labelling patterns as soluble protein extracts. Control blots labelled with preimmune serum showed no bands, even after prolonged incubation with enzyme substrate (data not shown).
The leaf extracts were also tested with antiserum raised against a fusion protein containing part of the PEBV CP. This antiserum labelled a distinct band corresponding to a 26K protein in extracts of infected plants (Fig. 4b) . Authentic PEBV CP derived from purified virus particles also migrated with an apparent Mr of 26K in these gels (data not shown).
Discussion
From the complete sequence of PEBV RNA-2 (Goulden et al., 1990 ) the expected size of subgenomic RNAs for the CP and the 29.6K protein can be calculated as 3000 nt and 1900 nt, respectively (Fig. 5) . Hybridization with a CP gene-specific probe to a Northern blot of R N A from infected plants showed a band at 3000 nt for RNA2a. Hybridization to an identical Northern blot with the 29.6K ORF-specific probe gave an additional signal indicating a band at 1600 nt. If this is indeed RNA-2b, it is 300 nt smaller than expected from the sequence data of the subgenome. A possible explanation for the size difference could be cleavage of the subgenomic RNA at the 3' end. However, we have no data to corroborate this theory.
Subgenomic RNA-2a was found to be present in significantly smaller amounts than RNA-2. This parallels the results for TRV-infected protoplasts (Angenent et al., 1989c) . Furthermore, the putative RNA-2b was present in considerably smaller amounts than RNA-2a. One reason for this could be that the stem-and-loop structure proposed to promote subgenomic transcription (Goulden et al., 1990 ) is less pronounced for the 29.6K ORF than for the CP gene.
The antiserum raised against the fusion protein containing the 29-6K ORF was found to recognize a protein with an apparent Mr of 32K in extracts of PEBVinfected plants. The size of this protein is slightly larger than the 29-6K calculated from cDNA sequence analysis. However, using the same gel system and marker proteins, purified PEBV CP also migrated with an apparent Mr of 26K, which is 3K larger than expected from the sequencing data. Soluble protein extracts contained at least as much 29.6K protein as extracts prepared with an SDS-containing buffer, suggesting that the 29.6K protein is a soluble protein. This is in agreement with a computer-generated analysis of the predicted amino acid sequence, which indicates that the protein is predominantly hydrophilic. , 1986) , the gene product cannot be essential for the normal tobravirus infection cycle. Instead, it may be involved in facilitating nematode transmission of the virus, or in modifying some other aspect of the infection process. Knowledge of the subcellular localization of the protein might provide some insights into its function.
